Combining heavy quark effective theory and the chiral Lagrangian approach we investigate radiative decays of pseudoscalar D mesons. We first reanalyse D * → Dγ decays within the effective Lagrangian approach using heavy quark spin symmetry, chiral symmetry Lagrangian, but including also the light vector mesons. We then investigate D → V γ decays and calculate the D 0 →K * 0 γ and D s+ → ρ + γ partial widths and branching ratios.
1.Introduction
The list of D meson decay rates is rather long and further study of their decays would eventually help to better understand their features. There has not yet been any experimental evidence for radiative decays of D mesons, while D * radiative decays are known to be important. The D * decays [1, 2] can be described in a model independent framework which incorporates the appropriate constraints on the decay amplitudes. The combination of heavy quark effective theory and chiral Lagrangians have been extensively studied and applied to many D mesons decays [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . Wise [14] has proposed an effective Lagrangian to describe, at low momentum, the interactions of a meson containing a heavy quark with the light pseudoscalar mesons π, K, η. Two kinds of symmetries characterize the effective Lagrangian: the heavy quark SU(2) spin symmetry and the non-linearly realized SU(3) ⊗ SU(3) chiral symmetry in the light sector, corresponding to spontaneous symmetry breaking of the chiral group to the diagonal SU(3) V . Due to the rather large masses of the D mesons, the inclusion of resonances with masses below the D mesons seems necesssary [11, 12, 13] .
In this paper, following the requirements of heavy quark and chiral symmetry, we develop a framework for the description of heavy and light pseudoscalar and vector mesons. In section 2 we write down the most general Lagrangian in the limit of exact heavy quark and chiral symmetries. Section 3 is devoted to the higher order odd parity Lagrangian, which also describes the decay D * → Dγ , and we reinvestigate this decay in order to learn more about the couplings in the chiral Lagrangian. In section 4 we analyse the weak Lagrangian. Finally, as an example of the use of our model, we calculate the D → V γ radiative decays in section 5.
The chiral Lagrangian technique and heavy quark limit
The strong interaction meson Lagrangian for the light pseudoscalar octet and heavy pseudoscalar and vector triplets in the chiral and heavy quark limits was first written down by Wise [14] (see also [4] ). The electromagnetic interactions between these mesons was described in [1, 2, 6] . The octet of light vector mesons was included in the Wise Lagrangian [14] later by Casalbuoni, et al. [12] as the gauge particles associated with the hidden symmetry group SU(3) H [15] . The next step is to provide a common description of both the light and heavy pseudoscalar mesons, which also includes both light and heavy vector mesons and the electromagnetic interactions. In this section we present the strong and electromagnetic Lagrangian for the description of both light and heavy pseudoscalar and vector mesons.
The light pseudoscalar mesons are described by the 3 × 3 unitary matrix
where f ≃ 132 MeV is the pion pseudoscalar pion constant and Π is the pseudoscalar meson unitary matrix defined as
The octet of light vector mesons is described by the 3 × 3 unitary matrix
where g V (≃ 5.8 2/a with a = 2 in the case of exact vector dominance)
is the coupling constant of the vector meson self-interaction [15] and ρ µ the vector meson unitary matrix
In the following we will also use the gauge field tensor F µν (ρ), defined as
The heavy mesons are Qq a ground states, where Q is a c (or b) quark and q 1 = u, q 2 = d and q 3 = s. In the heavy quark limit they are described by
where P * aµ and P a annihilate, respectively, a spin-one and spin-zero meson Qq a of velocity v µ . The creation operators P * † aµ and P † a occur in [14] 
Following the analogy in refs. [15, 12] we introduce two currents:
and
where the covariant derivatives of u and u † are defined as
and 
with Q ′ = 2/3 for c quark (−1/3 for b quark). With these definitions we can finally write down the even parity strong and electromagnetic Lagrangian for heavy and light pseudoscalar and vector mesons:
This Lagrangian is invariant under the following gauge transformation:
where g 0 (x) = exp(ieQλ(x)). The last transformation (17) together with (12)- (13) imply, of course, the usual gauge transformation for the photon field:
In equation (15) g and β are constants which should be determined from experimental data [1, 2, 11, 12, 13] . The constant a in (15)- (16) is in principle a free parameter, but we shall fix it by assuming exact vector dominance [15] , for which a = 2. With exact vector dominance there are no direct vertices between the photon and two pseudoscalar mesons, so that the pseudoscalars interact with the photon only through vector mesons.
The electromagnetic field can couple to the mesons also through the anomalous interaction; i.e., through the odd parity Lagrangian. Even with the P P γ direct vertices absent in L light due to the choice a = 2, direct P V γ vertices are present in the odd parity Lagrangian. We write down the two contributions which are significant for our calculation:
Equation (19), together with vector dominance couplings
which come from the second term in (16) , describe the electromagnetic interaction assuming vector-meson dominance, while the direct photon-light vector meson-pseudoscalar interactions are contained in (20) . The contributions to the odd Lagrangian (19) and (20) arise from Lagrangians of the Wess-Zumino-Witten kind [16, 17] .
In the m q → 0 and m Q → ∞ limit (m q and m Q are the masses of the light and heavy quarks, respectively) the strong and electomagnetic interactions of heavy and light pseudoscalar and vector mesons are thus described by the even Lagrangian (15)- (16) and by the odd Lagrangian (19)- (20) . However the D * Dγ vertices are not included in the above Lagrangian since it is of the anomalous type. The terms responsible for it are of higher order 1/m Q and they will be introduced in the next section.
Higher order odd Lagrangian for heavy mesons
In our approach vector meson dominance describes the couplings of light quarks and photons through the higher dimensional invariant operator
In this term the interactions of light vector mesons, heavy pseudoscalars or heavy vector D mesons are also present. The light vector meson can then couple to the photon by the standard vector-meson dominance prescription (21) . These terms effectively describe the light quark-photon interaction inside the charmed (or beauty) mesons.
The coupling λ can be independently determined either from D * decays into Dπ and Dγ [1, 2, 5, 6], some ratios of which have been measured [18, 19] or from semileptonic decays of D mesons [11, 12, 13] .
The heavy quark-photon interaction is genereted by the term
According to quark models the parameter|λ ′ | can be approximately related to the charm quark magnetic moment via 1/(6m c ) [1, 2, 5, 6] . In order to reduce the error in determinig the couplings we shall reanalyze the decays D * → Dπ and D * → Dγ. Experimentally one measures [19] the branching
Lagrangian these branching ratios are
To determine λ/g and λ ′ /g, the square-roots of the left-hand-sides of eq. 
The two errors in eq. (28)- (29) GeV −1 as determined in [13] minimized the errors in these quantities. We present in Table 1 the four possible solutions of (28)- (29) for λ and |g|, together with the combinations λ ′ + 2λ/3 and λ ′ − λ/3, which will be used in our calculations in section 5. (28)- (29) with λ determined by [13] .
The experimental value |g| = 0.57 ±0.13 (see for example [13] and references therein for a discussion of these experimental values) and the approximate validity of the equation |λ ′ | ≃ 1/(6m c ) with m c ≃ 1.5 GeV slightly favour solutions 3) and 4).
Our approach is different from [1] , [2] and [6] , since we do not use any quark model prediction for the parameter λ ′ but treat it on an equal footing with the parameter λ, so that both are considered as purely phenomenological.
Nevertheless we were able to obtain reasonably good precision in the determination of model parameters.
Weak Lagrangian for light and heavy mesons
In addition to strong and electromagnetic interactions, we must also address the weak decays within these scheme. We will follow the approach of [12, 14] and use an effective current between the heavy mesons and the light mesons.
The weak current is L Q µ a =q a γ µ (1 − γ 5 )Q and it transforms as (3 L , 1 R ). The lowest dimension operator with the same transformation properties but with meson degrees of freedom is
where the ellipsis denote terms vanishing in the limit m q → 0, m Q → ∞ or terms with derivatives.
The light mesons decay constants f P,V are defined by the usual relations
Here λ ab i , i = 1, . . . , 8, a, b = 1, 2, 3 are the usual eight Gell-Mann 3 × 3 matrices, normalized as T r(λ i λ j ) = 2δ ij . In the chiral limit m q → 0 the above decay constants are related through
Similarly we can define the heavy meson decay constants by [14] , properly define the covariant derivative for pseudoscalars, enlarging the gauge group to include the W -boson contributions [21] . The resulting light meson part of the weak current is
The part of the weak Lagrangian for the pseudoscalar and vector, light and heavy mesons, which we will use, can be written as [22, 23, 24 ]
where V ud , etc. are the relevant CKM mixing paremeters, while a 1 and a 2 are the QCD Wilson coefficients, which depend on a scale µ. One expects the scale to be the heavy quark mass and we take µ ≃ 1.5 GeV which gives a 1 = 1.2 and a 2 = −.5, with an approximate 20% error. In the factorization model the quark currents are approximated by the corresponding meson currents defined in eqs. (30) and (34):
Many heavy meson weak nonleptonic amplitudes [22, 23, 24, 25] have been calculated using the factorization approximation. It has been shown in [22] , however, that for some of the D meson decays there are rather important final state interactions and the factorization approximation can be improved by the inclusion of the SU(3) symmetry breaking effects [26] .
The authors of ref. [23] have classified the weak nonleptonic decays into three classes: decays determined by a 1 only (class I), decays determined by a 2 only (class II) and decays where a 1 and a 2 amplitudes interfere (class III).
Factorization can therefore be tested in several ways. There are the following two cathegories of decays: "quark decays", in which the heavy quark decays while remaining antiquark acts as a spectator, and "annihilation processes"
in which heavy and light quarks annihilate and two new quarks are created.
For the annihilation processes the factorization approximation is usually only a small contribution [23, 24, 22] .
We are forced to use this approximation in our calculations, since there are no better approaches developed so far for nonleptonic weak decays.
D → V γ decays
The simplest radiative decays of D mesons are into a light meson and a photon. Since the process D → P γ (P is a light pseudoscalar) is forbidden due to the requirement of gauge invariance and chiral symmetry [27] , as well as angular momentum conservation, we will concentrate on the D → V γ The amplitude for the D 0 →K * 0 γ is
where
Similarly, the amplitude for
In our numerical calculations we used the following numerical values C V V Π =
.423, C V Πγ = −3, 26.10 −2 , [28, 29] , g V = 5.8 [12] , f ≃ f π = 132 MeV, and the other decay constants f P,V were taken from [25] . It is straightforward to calculate the decay widths. The result, of course, depends on which numerical value we take for (λ ′ + 2λ/3) and (λ ′ − λ/3). The numerical predictions for the decay widths and branching ratios are given in Table 2 , where all the four possible choices of paramaters (see Table 1 ) are considered. An interesting feature can be seen from Table 2: A not very precise measurement of the D 0 →K * 0 γ decay rate is sufficient to differentiate between solutions 1)-3) and solutions 2)-4), which are predicted to be of one order of magnitude different. Unfortunately, due to the much larger branching ratio for the weak decay D 0 →K * 0 π 0 and the difficulty in differentiating the photon from the π 0 in this energy range, the decay D 0 →K * γ has not been seen by the ARGUS collaboration [30] . The situation is similar for the detection of D s+ → ρ + γ by the ARGUS collaboration: due to the very small branching ratio, low detector's acceptance (3γ events have to be measured) and poor mass resolution, the ARGUS data are not likely to find this decay. But, hopefully, some experimental signals for these radiative decays will come from the CLEO data. The experimental measurement of this branching ratio will determine the relative sign between the first and the second contributions, giving in such a way new information on the parameters λ, λ ′ and g.
In conclusion, we used both chiral symmetry and heavy quark symmetry In this preprint the D → K * γ decay rate was estimated using an effective electromagnetic and weak Lagrangian developed from quark diagrams for bd → cūγ. They then made the replacement b → c and c → s. Their result is comparable with our second case in Table 2 .
